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The localization of the GTP-binding protein TC10 to
lipid raft microdomains has been suggested to play
a role in the stimulation of GLUT4 translocation. The
exocyst has now been identified as a downstream
target for TC10, directing GLUT4-containing vesicles
to the site of fusion.
Insulin acts through a receptor tyrosine kinase to stim-
ulate glucose transport into adipocytes and muscle
cells by inducing the translocation of the GLUT4
glucose transporter from intracellular storage compart-
ments to the plasma membrane. In the basal state,
more than 95% of GLUT4 protein localizes to GLUT4
storage compartments — intracellular tubulo-vesicular
elements as well as different endomembrane compart-
ments including recycling/sorting endosomes, and the
trans-Golgi network. Insulin stimulation results in a dra-
matic translocation of GLUT4 protein to the plasma
membrane via a dynamic membrane trafficking system.
The highly organized and complex trafficking of GLUT4
vesicles, including sorting, budding, trafficking, tether-
ing, docking and fusion, are directly orchestrated by
intracellular signals emanating from insulin receptor.
Over the past 20 years, extensive efforts have been
made to identify the insulin receptor signaling pathways
leading to the plasma membrane translocation of GLUT4.
This interest is primarily due to the fact that insulin is the
major physiological regulator of post-prandial glucose
disposal. In addition, dysregulation of glucose uptake is
directly involved in human pathophysiological conditions
such as insulin resistance and type 2 diabetes. The
recent discovery of a novel insulin signaling pathway
mediated through a complex containing the adaptor
protein Cbl, Cbl-associated protein (CAP) and the Rho-
family small GTP-binding protein TC10 has opened up a
new area of investigation [1]. Now Inoue et al. [2] demon-
strate that the exocyst protein complex acts downstream
of TC10, which is localized to lipid raft microdomains.
The TC10–exocyst complex is then responsible for tar-
geting GLUT4-containing vesicles to appropriate plasma
membrane fusion sites. This discovery not only unmasks
a functional role for TC10 as a key component of the
machinery for vesicle tethering, but also sheds new light
on the importance of lipid raft microdomains in docking
and fusion of GLUT4 containing vesicles.
Spatial Compartmentalization of Insulin Receptor
Signals in GLUT4 Translocation
TC10 appears to function independently of, but in
concert with the signaling pathway involving the insulin
receptor substrate (IRS) and phosphoinositide 3-kinase
(PI 3-kinase) (Figure 1). Unlike other Rho GTPases but
similar to H-Ras, TC10 contains a CAAX motif, which
undergoes both farnesylation and palmitoylation. These
post-translational modifications target TC10 to cave-
olin-enriched lipid raft microdomains in adipocytes [3].
Because of their distinctive lipid composition, these
microdomains segregate multiple palmitoylated signal-
ing molecules and thereby form spatially and function-
ally organized signaling cascades [4]. The activation of
spatially compartmentalized TC10 involves the tyrosine
phosphorylation of Cbl by the insulin receptor in col-
laboration with CAP and the adaptor protein APS.
When Cbl is phosphorylated, the CAP–Cbl–APS protein
complex is recruited to the lipid raft microdomain
through interactions between the sorbin homology
(SoHo) domain of CAP and the caveolae-resident
protein flotillin. The tyrosine-phosphorylated and lipid-
raft-accumulated Cbl then recruits a complex contain-
ing the adaptor protein CrkII and the guanine nucleotide
exchange factor C3G into the lipid raft microdomain.
The recruited C3G then acts on TC10, resulting in the
exchange of GDP for GTP. The correct spatial com-
partmentalization of these signaling molecules in the
lipid raft microdomain appears to be essential for
insulin-induced GLUT4 translocation and glucose
uptake, as these insulin-mediated events are abolished
by dominant-interfering mutants of CAP that prevent
the localization of Cbl to lipid rafts [5].
While it has been well established that activation of
PI 3-kinase and subsequent generation of 3′-phos-
phoinositides through the IRS signaling pathway are
essential for insulin-stimulated GLUT4 translocation
[6], an important remaining issue is the basis for the
remarkable specificity of insulin action. For example,
the PI 3-kinase signaling pathway is widely activated
by a range of hormones and growth factors yet insulin
triggers specific metabolic activities that are not
common to the other hormones and growth factors.
The discovery of a second insulin signaling pathway
responsible for the translocation of GLUT4 that is gen-
erated at the compartmentalized lipid raft microdomain
provides an important conceptual framework for our
understanding of insulin actions especially with regard
to its highly sophisticated specificity in the context of
the activation of promiscuous signaling molecules.
Importantly, the Cbl–TC10 signaling pathway is func-
tional only in fully differentiated adipocytes owing to
their well-developed lipid raft microdomains [7]. The
central importance of these microdomains in insulin
action is supported by multiple studies demonstrating
that disruption of these structures using a dominant-
interfering caveolin-3 mutant and various pharmaco-
logical agents all perturb insulin-stimulated GLUT4
translocation [8,9]. Consistent with these data, the com-
partmentalization of TC10 within these microdomains
has been shown to be essential for insulin-dependent
activation of TC10 and GLUT4 translocation [3].
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The Exocyst as a Downstream Target for TC10
Based upon the data described above, there is an
intriguing hypothesis that the lipid raft microdomains
act as signaling platforms that regulate specific insulin
signaling molecules that are required for specific bio-
logical actions of insulin such as GLUT4 translocation.
Now the work by Inoue et al. [2] provides important
new insights into the functional role of the lipid raft
microdomains in the regulation of tethering and
docking of GLUT4-containing vesicles via the interac-
tion of TC10 with the exocyst complex (Figure 2).
In order to search for downstream targets for TC10,
these authors used a constitutively active mutant form
of TC10 as a bait in a yeast two-hybrid interaction
screen and identified Exo70, a component of the
exocyst complex. The yeast exocyst complex consists
of eight proteins: Sec3, Sec5, Sec6, Sec8, Sec10,
Sec15, Exo70 and Exo84, and has been implicated to
be involved in the tethering or docking of exocytotic
vesicles [10]. Inoue et al. [2] found in 3T3L1 adipocytes
that Exo70 together with Sec6 and Sec8 (and presum-
ably other exocyst proteins) translocate to the plasma
membrane in a manner dependent on the insulin-medi-
ated activation of TC10. Although the amino-terminal
region of Exo70, which contains a coiled-coil domain,
plays a major part in the interaction with TC10, the car-
boxyl terminus of Exo70 also appears necessary for its
recruitment to the plasma membrane, probably through
an interaction with other exocyst proteins. TC10 is
structurally similar to other GTP-binding proteins and
cycles between inactive GDP-bound and active GTP-
bound conformational states. In the active GTP-bound
state TC10 interacts with the CRIB (Cdc42/Rac-inter-
active binding) domain of various effector proteins. Sur-
prisingly, however, Exo70 does not have an identifiable
CRIB domain and therefore probably uses a different
structural motif for binding to TC10.
One important finding is that overexpression of full-
length Exo70 in 3T3L1 adipocytes results in the poten-
tiation of insulin-stimulated glucose uptake, whereas
the amino-terminal fragment of Exo70 markedly blocks
glucose uptake without any obvious inhibition of GLUT4
protein translocation to the plasma membrane. By using
a tagged GLUT4 reporter protein, the amino-terminal
fragment of Exo70 was found to specifically prevent the
tethering and/or docking of GLUT4-containing vesicles,
a necessary prerequisite for plasma membrane fusion.
However, the amino-terminal fragment did not alter the
intracellular trafficking of GLUT4 en route to the plasma
membrane, because GLUT4 vesicles accumulated
underneath the plasma membrane. These data suggest
that the recruitment of the exocyst protein complex to
the lipid raft microdomain through the interaction
between TC10 and Exo70 is necessary for the final
steps in the GLUT4 exocytosis process.
These findings are in excellent agreement with the
accumulating evidence that the exocyst protein
complex is required for exocytotic vesicle targeting
and docking at specific areas of the plasma membrane
such as sites of polarized exocytosis [10]. In budding
yeast, the exocyst proteins are localized to regions of
active cell-surface expansion — the bud tip at the
beginning of the cell cycle, and the mother–daughter
connection during cytokinesis [11]. In both cases,
secretory vesicle accumulation was observed in yeast
cells deficient in each individual component of the
exocyst. The exocyst protein complex has also been
shown to accumulate at growth cones and the tips of
growing neurites in developing neurons [12]. In epithe-
lial cells, the exocyst proteins are localized near to the
tight junction, a region of active basolateral membrane
addition: treatment with an anti-Sec8 antibody was
found to block basolateral secretion [13]. So, although
the precise molecular details have not been elucidated,
the exocyst complex is clearly implicated in directing
vesicles to their appropriate sites of fusion.
At the final stage of exocytosis, the lipid bilayers of
the vesicle membrane and plasma membrane fuse in a
reaction catalyzed by the interactions between integral
membrane proteins (soluble N-ethylmaleimide-sensitive
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Figure 1. Insulin-induced GLUT4
translocation from intracellular storage
compartments to the plasma membrane
requires two independent signaling
pathways; one is dependent on the IRS-
PI 3-kinase pathway (signal 1) and the
other is dependent on the CAP/Cbl/TC10
pathway (signal 2).
Signal 1 involves the phosphorylation of
IRS proteins and recruitment of PI 3-
kinase, resulting in the generation of PI-
3,4,5-P3 which subsequently activates
3′phosphoinoside-dependent kinase 1
(PDK1). Signal 2 involves the phospho-
rylation of Cbl and the recruitment of
CrkII–C3G complex. Once Cbl is phospho-
rylated, the Cbl–CAP–CrkII–C3G complex
translocates to the lipid raft microdomain
where TC10 exists. The recruited C3G
functions as a guanine nucleotide exchange
factor for the TC10, resulting in the
exchange of GDP for GTP. These two dis-
tinct insulin-induced signal transduction
pathways act together to elicit the translocation of GLUT4 protein mediating via membrane trafficking systems. IRS, insulin receptor
substrate; PKB, protein kinase B (Akt); FLT, flotillin; PKC, protein kinase C; APS, Adaptor protein containing PH and SH2 domains.
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fusion (NSF) attachment protein (SNAP) receptors or
SNAREs) that are present in the exocytotic vesicle
membrane (v-SNAREs) and the target membrane (t-
SNAREs) [14]. The formation of a stable ternary
complex between these SNARE proteins brings the
exocytotic vesicle and target membranes into close
proximity, and eventually leads to their fusion. In
adipocytes, the v-SNARE VAMP2 (or synaptobrevin2) in
the GLUT4-containing vesicles, and the t-SNAREs syn-
taxin4 and SNAP23 in the plasma membrane play an
essential role in the final fusion step of GLUT4-contain-
ing vesicles [15]. In addition to these v- and t-SNARE
proteins, there are several accessory proteins involved
in the exocytosis of GLUT4-containing vesicles includ-
ing Munc18c and Synip [16,17]. 
As described above, the exocyst complex is respon-
sible for tethering the exocytotic vesicles to the appro-
priate sites of the plasma membrane. While it is obvious
that these SNARE proteins and their accessory proteins
are required for the final fusion step of GLUT4-contain-
ing vesicles, integrating GLUT4 protein into the plasma
membrane, the recent work by Inoue et al. [2] focuses
attention on the tethering of GLUT4-containing vesicles,
which is regulated by the TC10–exocyst interaction. As
it so happens, this occurs at the lipid raft microdomain
and demonstrates that this spatially restricted subdo-
main of the plasma membrane plays a key role in
insulin-stimulated GLUT4 exocytosis.
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Figure 2. Tethering and docking of
GLUT4-containing vesicles at the plasma
membrane are dependent on the
interaction between TC10 and the exocyst
protein complex.
Inoue et al. [2] postulate that following
insulin stimulation the lipid-raft-resident
TC10 recruits Exo70 and its associated
exocyst protein complex to the plasma
membrane. This interaction is necessary
for the final fusion step of GLUT4-con-
taining vesicles to the plasma membrane
mediated by SNARE proteins (SNAP-23,
syntaxin4, synip, Munc18c and VAMP2).
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